Abstract The overuse and abuse of antibiotics have contributed to the global epidemic of antibiotic resistance. Current evidence suggests that widespread dependency on antibiotics and complex interactions between human health, animal husbandry and veterinary medicine, have contributed to the propagation and spread of resistant organisms. The lack of information on pathogens of major public health importance, limited surveillance, and paucity of standards for a harmonised and coordinated approach, further complicates the issue. Despite the widespread nature of antimicrobial resistance, limited focus has been placed on the role of environmental factors in propagating resistance. There are limited studies that examine the role of the environment, specifically water, sanitation and hygiene factors that contribute to the development of resistant pathogens. Understanding these elements is necessary to identify any modifiable interactions to reduce or interrupt the spread of resistance from the environment into clinical settings. This paper discusses some environmental issues that contribute to antimicrobial resistance, including soil related factors, animal husbandry and waste management, potable and wastewater, and food safety, with examples drawn mainly from the Asian region. The discussion concludes that some of the common issues are often overlooked and whilst there are numerous opportunities for environmental factors to contribute to the growing burden of antimicrobial resistance, a renewed focus on innovative and traditional environmental approaches is needed to tackle the problem.
Introduction
The common bacteria responsible for causing some infectious diseases have steadily developed resistance to antibiotics, resulting in antimicrobial resistance (AMR) escalating into a global health crisis [1] . The greater burden of infectious disease has created a significant need for antimicrobial therapy and has also contributed to the growing burden of resistance [2, 3] . In addition to the paucity of hard evidence for more accurate quantification of the social and economic burdens associated with AMR regionally and globally, the WHO reports that major gaps continue to exist in understanding the brevity of the problem [4] . Although the majority of deaths related to antibiotic resistance occur in hospitals and nursing home settings, antibiotic-resistant infections can happen anywhere, and are most common in the general community [5] .
The development of antibiotic stewardship programmes has progressed in industrialised countries such as the UK, Canada and Australia. However, developing countries bear a greater burden from AMR due to the paucity of information on resistance trends, determinants of antibiotic use, limited surveillance and diagnostic capacity [4] . The WHO's recently published report Antimicrobial resistance: global report on surveillance 2014, focused on surveillance for AMR patterns at country level and in various world regions. The report points to the lack of consensus on methodology, and the gaps in surveillance and data sharing about antibiotic resistance in food-producing animal and the food chain, amongst other issues. It further discusses the clinical outcomes and economic impact of several common infections but laments the lack of data to determine the wider societal impact and economic implications. However, the WHO report did not focus on the underlying risk or contributing factors for AMR [4] . Current evidence suggests that widespread dependency on antibiotics and complex interactions between human health, animal husbandry and veterinary medicine, have contributed to the propagation and spread of resistant organisms [4, [6] [7] [8] . The paper is aimed at environmental and preventive health professionals and policy makers and others concerned with the prevention and control of AMR from the environment. It focuses on some environmental risks or contributing factors for AMR; including soil-related factors, animal husbandry and waste management, potable and wastewater, and food safety.
The aim of this paper is to fill the gap in existing literature by shifting the focus from the clinical impacts, such as those highlighted in the WHO report (2014) , to some important environmental risk factors that contribute to AMR. The paper does not seek to provide an in-depth scientific analysis but instead, presents a general discussion of some salient environmental surveillance and management issues, with some broad recommendations. Examples from the wider Asia-Pacific region amongst others have been cited to provide some context.
Antimicrobial resistance and the water, sanitation and hygiene problem
This section provides an overview of AMR, an introduction to the issue as a global public health problem and summarises how various environmental issues have contributed to the development of the AMR crisis. It briefly discusses the limited focus placed on the role of environmental factors in propagating resistance, and proposes that various environmental determinants could be playing an important role in the development and spread of AMR.
The development of AMR occurs when a drug is no longer able to inhibit or control the action of a microorganism (bacteria, fungus, virus or parasite) that was previously sensitive to it. As such, the usual treatment regime is no longer effective, resulting in difficulty to control infections, increased risk of spread of infection to others, and in some cases, increased risk of death in some patients when compared with the risk in those infected by nonresistant pathogens [4, 5] . Antibiotics are antimicrobials that are used to treat bacterial infections [5] . AMR develops as part of a natural evolutionary process for microorganisms including bacteria, parasites and viruses [9] .
The development of resistance to antibiotics can occur naturally (intrinsic) based on a spontaneous gene mutation in the absence of selective pressure from antibiotics [10] . Bacteria develop resistance to antibiotic (acquired) when at least one bacterium within a heterogeneous colony of bacteria carries the genetic determinant capable of expressing resistance to the antibiotic. The genetic determinants classify the type and intensity of resistance that is eventually expressed by the bacterial cell. Regardless of the way a gene is transferred to a bacterium, resistance develops as a result of the effective expression of the gene, which can be spread and propagated to other bacteria, enabling them to produce a tangible biological effect which inhibits the activity of the antibiotic [9, 10] .
It is believed that the origins of antibiotic resistance genes lies with environmental bacteria that produce and release antibacterial to influence microbial populations with which they compete for nutrients [11] . This is in keeping with the discovery of a wide spectrum of antibiotic resistance genes (for e.g. vancomycin resistance element VanA) in 30,000-year-old Beringian permafrost sediments, providing conclusive evidence of the naturally occurring phenomenon that predates the modern selective pressure of clinical antibiotic use [12] . However, it is believed that this naturally occurring resistance can also play a role in the development of acquired resistance; and that both types of resistance can be transmitted horizontally or vertically [10, 12] . It is now relatively well understood at the molecular level, that the same gene can be identified in very unrelated pathogens in humans, clinical settings, as well as among bacteria which grow in agricultural context, meat animals and companion animals; suggesting that ABR grows and is context independent [11] . Resistance however can be accelerated by the selective pressure due to frequent and widespread antibiotic usage [4] . Intrinsic resistance is believed to be relatively less common than the resistance acquired under pressure [10] . Some resistance mechanisms carried by bacteria can be transferred to humans [4] . This results initially in a silent carrier state that may later give rise to seemingly unrelated infections and increased severity of disease, resulting in poorer outcomes for patients [4, 5, 13] .
Poor hygiene and lack of compliance with infection prevention and control measures have contributed to the propagation and spread of resistant bacteria strains [4, 6] . Antibiotic resistance such as sulfonamide-resistant Streptococcus pyogenes in the 1930s [14] and penicillin-resistant Staphylococcus aureus in the 1940s [15] were first observed in hospitals where most drugs were being prescribed. Mycobacterium tuberculosis developed resistance to streptomycin soon after the discovery of this antibiotic [16] . Multiple drug resistance emerged a few years later in the 1950s to early 1960s among several gastrointestinal/foodborne pathogens including Escherichia coli, Shigella and Salmonella (FBI) [17] . Multiple drugs resistance has continued to spread among common pathogens, with Haemophilus influenzae developing resistance to ampicillin [18] , chloramphenicol and tetracycline [19, 20] and an increased resistance to ampicillin observed, with ampicillin-resistant Neisseria gonorrhoea (STI) emerging mainly in developed countries in the 1970s [9, 21] . Currently, all WHO regions report very high rates of resistance amongst common bacteria (for e.g. E. coli, Klebsiella pneumoniae and S. aureus) that are responsible for common infections like urinary tract infections, wound infections, bloodstream infections and pneumonia, which can be acquired in both health-care and community settings [4] .
Antimicrobial resistance has escalated into a major public health issue, with some pathogens being resistant to multiple antibiotics [5] . The WHO surveillance report highlighted the lack of information on pathogens of major public health importance, limited surveillance, and paucity of standards for a harmonised and coordinated approach to address the issue [4] . Some of the greatest burden of antimicrobial resistant pathogens has been reported in the Asian region [4, 9] . This includes widespread distribution of resistant strains of E. coli and vancomycin resistant S. aureus and multi-drug resistant strains of tuberculosis and typhoid fever [4, 9, 22, 23] . Some of the countries with the highest estimated cases of multi-drug resistant tuberculosis (MDR-TB) are located in Asia, including more than half of the nine million people who developed TB in 2013. While the Southeast Asia region appears to be on track to achieve the millennium development goal targets for reductions in TB disease burden (incidence, prevalence and mortality), recent estimates suggest a significant proportion of new cases and previously treated cases are infected with MDR-TB [24, 25] . Extra-drug resistant TB or XDR-TB (i.e. MDR-TB plus resistance to at least one fluoroquinolone and second line injectable), has been reported in at least 100 countries worldwide since 2013 [24] . Antibiotic resistance is not restricted to bacteria only. There is increasing evidence of the development of resistance among enteric protozoa from clinical samples in Australia [26] [27] [28] .
Despite the widespread and growing evolution of AMR, limited focus has been placed on the role of environmental factors in propagating resistance. However, there are biologically plausible indications that contaminated raw water, wastewater and other environmental determinants may be playing an important role in the development and spread of AMR. It is unclear, the extent to which countries are conducting risk assessments to identify risks and management goals, which can guide the development of environmental management options, with clear indicators of effectiveness [29] . The assessment of the environmental risks is however not straight forward, as naturally occurring resistance genes can be present in the environment [12, 29] .
There is a need to understand the environmental factors that contribute to the development of resistant pathogens to identify any modifiable interactions to reduce or prevent further spread of resistance throughout the environment. The WHO global report (2014) suggested that greater emphasis should be placed on public health interventions, such as strengthening hygiene and infection prevention and control measures, improving sanitation and access to clean water [4] .
While this paper does not attempt to assess all environmental risks, the following sections will discuss some specific environmental issues that contribute to AMR, including an introduction to horizontal gene transfer, soilborne resistance, animal husbandry and waste management, drinking water and wastewater, and food safety (Fig. 1 ). This list is by no means exhaustive, but we hope this paper can contribute to the wider discussion around the common issues that are often overlooked but can be managed without sophisticated interventions. The paper ends by looking at some ways that we can tackle the gaps discussed and proposes some recommendations that may be useful to consider when tackling the AMR issues, especially in resource limited settings.
Horizontal gene transfer
Horizontal gene transfer (HGT) is one of the key factors associated with environmental propagation of AMR. There are numerous studies and reports that describe the characterisation and quantification aspects of HGT in bacterial evolution [30] [31] [32] [33] ; hence these aspects will not be covered here. However, we briefly introduce the concept of HGT to contextualise the remainder of this discussion.
The acquisition of foreign genes or mobile genetic elements by organisms or between species, is referred to as horizontal gene transfer (HGT) [32] . Horizontal gene transfer depends critically upon internal and environmental factors and is therefore considered to be a non-random genome innovation process [33] . The HGT processes involve several successive steps including the uptake of foreign DNA, its genetic recombination and regulatory integration, and establishment in the host population or the exchange community [33, 34] . The exchange community is defined as 'a collection of organisms that can share genes by HGT, but does not need be in physical proximity' [33] .
The importance of HGT was initially recognised when bacteria were found to have acquired 'infectious heredity' of multiple antibiotic resistances [17, 35] . Many studies have described antibiotic resistance genes as part of selftransferable plasmids or of transposable elements, with evidence of genetic transfer occurring between both related and unrelated bacteria [32, 36] . It has been postulated that some organisms produce and release antibiotics into their environment to influence and control competing bacteria [11] . This occurs when some of the naturally occurring antibiotic resistance genes becomes captured by a mobile genetic element like an integron, transposon, phage, plasmid, or chromosomal island, which then plays a key role in the introduction of natural resistance genes into clinically relevant bacterial species from environmental sources (for e.g. water, sewage, air) [11, 33] . It has been suggested that approximately 20 % of a typical bacterial genome can be acquired from other species [31] . While there have been changing views about the importance of HGT over time, recent advances in whole genome sequencing of bacteria has furthered our understanding that HGT is an important factor in bacterial evolution [30] [31] [32] 35] . Several factors including genome size, genome composition, oxygen tolerance, carbon utilization and modularity of genetic units are common features of bacterial exchange communities, where genes are readily exchanged between species [33, 35] . However, there is adequate evidence to suggest that genes that encode resistance have been identified in many different contexts; even in untouched ecological environments and in a single host [11] . The modularity of genetic units supports their spread by HGT [35] . Jain et al. [33] suggest that HGT significantly accelerates the pace of genome innovation, which provides functional modules instead of creating new genes by mutations. There is growing evidence to suggest that HGT is an on-going process that plays a significant role in the real-time ecological adaptation of prokaryotes, through the shaping of bacterial genomes, promoting intraspecies variability and distributing functional genetic modules within exchange communities [33, 35] . The combination of microbial characteristics, such as the selective pressure of antimicrobial use, and social and technical changes that enhance the transmission of resistant organisms contributes to the increased transfer of antibiotic resistance genes from their natural environment into pristine and clinical settings [37] . As outlined earlier, ARB can grow in the environment [10, 11] and HGT can occur in the environment independently of each other [10, 12] .
Acquisition of resistance genes by bacterial communities may or may not occur in response to selection pressure. The presence of antibiotics in the environment exerts pressure which induces stress response from the microbial community promoting HGT, which induces the sharing of resistance genes as a bacterial adaptation response [10, 11] . For example, the hospital environment provides ample opportunities for the intermingling of bacteria of diverse genera and the mobile genetic elements, providing the opportunity for gene exchange events that initiate the formation of complex multi-drug resistance loci [11] . There is evidence that the genetic determinants which specify resistance to different antimicrobial drugs spread in strongly selective environments. Selective pressure imposed by antibiotics is notably evidenced among pathogenic bacteria in clinical settings, the community and throughout the commercial food chain [34] . Interestingly, while selective pressure occurs from environmentally persistent antibiotics, [38, 39] the presence of intrinsic resistance genes in the environment (for e.g. genes present in manure; sewage; hospital waste) significantly contributes to environmental pollution with resistance genes [40] . A study of watersheds in Colorado identified that resistance levels were determined by the level of resistance genes in manure released from farms rather than the development of resistance due to selective pressure from antibiotics [41] .
Soil-borne resistance
Soil serves as the primary nutrient base and habitat for plants and organisms, and plays a vital role as a giant bioreactor for degrading pollutants and facilitating nutrient transformation. This section briefly discusses soil as a potential hot spot for the development and transfer of microbial resistance.
There is insufficient evidence of human exposure to soilborne resistance; however, this could be severely underestimated. Reports have shown that antibiotic resistance genes and the same genetic platforms (plasmids, integrons) which are currently present in human pathogens, have been detected in pristine environments and in humans and animals populations that have never been in contact with antibiotics. This suggests that antibiotic resistance genes which have integrated in successful gene-transmission elements could persist and spread in the environment even in the absence of antibiotics [7, 42, 43] . Soil receives a large portion of excreted antibiotics through application of manure and sewage sludge as fertilizers [44] . Soil inevitably becomes a hot spot for antibiotics to affect indigenous microbes. Additionally, genetic exchange is encouraged by the higher density of microbes in the soil environment, contributing to the development of microbial resistance in the presence of antibiotics [45] . Bacterial resistant genes adapted to soil or other habitats can be transferred horizontally, resulting in independent transmission further into the environment [46] . For example, soil containing resistance genes and genetic platforms or resistant bacteria can be introduced into clinical environments, and even after disinfection, pathogenic organisms resident in organic soil and residues in drains may rebound if the primary sources of colonisation are not persistently removed [11] .
The application of animal waste (biosolids) to agricultural soils (as soil conditioner) is commonly practised in the United States, Europe and Australia [47] , and this acts as an entry point of both antibiotics and genetic resistance determinants into the environment [7, 29, 48] . Enteric bacteria can remain persistent in the environment for weeks to months, depending on species and temperature. However, regardless of cell viability some genetic elements can persist in the environment [42, 43] . Studies have demonstrated the absorption of antibiotic residues in food crops grown in manure-applied soil, with the increasing detection of antibiotic residues at increased concentrations of antibiotics in the manure-applied soil [47] . Clear standards and application procedures for the growth of food crops in manure-applied soil should be provided to guide this practise.
Animal husbandry and waste management
The WHO report does not discuss the role of animal husbandry and animal waste management in the development of AMR. The foregoing section however points to the concerns about transmission of AMR from soil and manure to food and clinical environments. This section looks briefly at some high risk animal husbandry practises that contribute to the development of antibiotic resistance genes, which can be transferred from farming environments to other environments and impact human health.
Due to the poor adsorption of antibiotics in the gut of the animals, significant amount of antibiotic residue is excreted in faeces and urine [49] . Since animal waste does not usually undergo the level of secondary treatment that human waste undergoes, higher concentration of antibiotics from animal waste enters the environment [46] . One example is the integrated agriculture-aquaculture farming system known as vegetation, aquaculture, and cage (VAC) which is widely used throughout Asia. 'The VAC system is a recycling farm, typically consisting of a vegetable field, an aquaculture pond, and caged animals, where livestock manure (usually from pigs, chickens, and ducks) is directly transported to fish ponds and to vegetable and rice fields. This untreated sewage and wastewater from the livestock operations is used for fish culture and for fertilization of the vegetable fields. The animal manure contributes to the eutrophication of pond water, which enhances phytoplankton growth. The VAC system is considered a very economical method of recycling farming [50] .
Unfortunately, due to the high rate of antibiotic use on these types of farms, the concentration of antibiotic residues in farm waste can lead to an increase in the number of antibiotic-resistant bacteria in the environment. This results in further selection and transfer of antibiotic resistance genes within the microbial community, within in the surrounding environment [38, 51] . A study of pigs in VAC systems, revealed high levels of resistance to tetracycline, nalidixic acid and enrofloxacin, among enteric bacteria [52] . This suggests that as a result of exposure to high concentrations of various antibiotics, the risk of colonisation with antibiotic-resistant bacteria and genes increases in the intestinal tracts of livestock. The antibiotic resistance genes can then be transferred to other environments and humans through water and the food supply [39] . Antibiotic resistance selection occurs among gastrointestinal bacteria, which are also excreted in manure and stored in waste holding systems. Manure then acts as a reservoir for resistant bacteria and antibiotic compounds [39, 47] . It is therefore necessary to prevent or limit the transfer of antibiotic resistance genes from farming environments to humans and other environments, through water and the food supply. Based on the foregoing risk to the environment and humans, environmental monitoring and enforcement of public health regulations for waste and manure handling and disposal should be reviewed and enforced where applicable by veterinary and public health officials; where mixed farming and application of animal manure to food crops are practised or considered, clear standards and guidelines based on scientific evidence should be developed and monitored. Collaborative efforts amongst farming societies and between governments can provide opportunities for sharing of best practise experiences and lessons learned. Countries could take advantage of existing facilities available through global surveillance efforts. One example of this is the WHO Advisory Group on Integrated Surveillance of Antimicrobial Resistance (WHO-AGISAR) which has been established to support international efforts to minimize the public health impact of AMR associated with the use of antimicrobial agents in all food-producing animals. Collaborative efforts have begun between the WHO-AGISAR and the FAO to implement integrated foodborne pathogen and AMR surveillance in the poultry, beef, pig and aquaculture value chains across Asia and Africa. The aim of these international collaborative efforts is to strengthen national capacities for AMR surveillance and to fill some of the data and information gaps to inform the development of appropriate national policies for several industries including good animal husbandry, health and hygiene [53] .
Drinking water and wastewater (sanitation) linkages
Water plays an important role in the transmission of many infectious and non-infectious organisms to humans. This section discusses some of the evidence around the dissemination of resistance elements and antibiotic-resistant organisms through water environments.
Antibiotic-resistant organisms can be disseminated through drinking water produced from surface water sources, which provide the route through which resistance genes are introduced in natural bacterial ecosystems. Nonpathogenic bacteria in this environment can act as a reservoir of resistance genes and platforms [39, 45, 54] . With the progressive accumulation of antimicrobial agents, detergents, disinfectants, and residues from industrial pollution, as heavy metals introduced into the environment, the evolution and spread of such resistant organisms in the water environment is facilitated [55] .
Rapid industrial development and economic growth has far outpaced investment in public infrastructure in several developing countries in the Asia-Pacific region. Inadequate infrastructure has resulted in sanitary issues, including contaminants such as antibiotics in wastewater [39] . As previously outlined, antibiotics can easily be released into the environment from numerous source, resulting in the acquisition of resistance genes by bacterial communities in response to selection pressure [11, 33] . One study reported on the presence of quinolones, sulfonamides, and tetracycline in aquatic environments of Indochina and the prevalence of bacteria resistant to them [39] .
Antibiotics have been detected in animal wastewater, pond water, sewage sludge, animal effluents, and rivers in China [39, 55, 56] . The most frequently detected antibiotics in China include sulfamethazine (75 %), oxytetracycline (64 %), tetracycline (60 %), sulfadiazine (55 %), and sulfamethoxazole (51 %) [39] . Contamination of the environment with tetracyclines and sulfonamides has been reported in Korea [39] . Several antibiotics, associated with livestock-source contamination, including sulfamethoxazole, sulfapyridine, trimethoprim, erythromycin-H 2 O, azithromycin, clarithromycin, and roxithromycin were detected at concentrations ranging from 4 to 448 mg/ L in the Tamagawa River, Japan [57] . Imipenem resistance has been detected on mobile bathing utensils in Japan, indicating a risk of colonisation with resistant bacteria through this medium [58] . High concentrations (15-328 mg/L) of sulfamethazine, used as a veterinary medicine, have been detected in Vietnamese waters associated with pig and poultry farming [57] .
There is evidence that suggests the conventional wastewater treatment process is inadequate in removing resistant bacteria from municipal wastewater. The demonstration of the pandemic and multi-resistant E. coli clone B2-O25b-ST131 being frequently detected in treated wastewater, underscores the risk of transmission of clinically important multi-resistant bacteria strains through wastewater [59] . Another study where survival experiments were conducted found that resistant E. coli strains had a higher survival rate in wastewater treated in lagoons, compared with other E. coli strains which were susceptible to several antibiotics [60] .
Various studies have evaluated the effectiveness of wastewater treatment on the removal of antibiotic-resistant bacteria and resistance determinants. However, there is evidence suggests that the efficiency of removal is dependent on antibiotics' physicochemical properties and the operating conditions of the treatment process [8] . One study has reported no significant reduction in antibiotic resistance genes (ARG) and antibiotic-resistant bacteria (ARB) through chlorination and UV radiation disinfection processes; with no significant difference in ARGs log concentration in pre-and post-disinfected effluent between UV and chlorination disinfection processes [61] .
Sewage treated by Membrane Biological Reactor (MBR) facility proved more effective in removing higher concentrations of ARGs and ARB (range of removal 2.57-7.06 logs) compared to conventional treatment plants (range of removal 2.37-4.56 logs) (p \ 0.05). Both Chlorination and UV Disinfection processes proved ineffective in significantly reducing ARGs and ARB (p [ 0.05) from sewage. Advanced biosolid treatment methods (i.e. anaerobic digestion and lime stabilization) was found to be more effective in reducing the log concentrations of ARGs (except tetW) and ARB when compared with the conventional methods of dewatering and gravity thickening [61] .
Another study compared antibiotic resistance of 870 E. coli strains isolated from domestic raw sewage, in the effluent from aerobic lagoons and activated sludge plants and evaluated the efficiency of both treatment systems in removing faecal coliforms (FC). The aerobic lagoon (99.99 % in summer) was found to be more effective than the activated sludge system (91.30 % in summer) to reduce faecal coliforms from domestic raw sewage. However, a significantly higher concentration of antibiotic-resistant E. coli strains (34.66 % were isolated from the effluent of the aerobic lagoon compared with the domestic sewage (23 %) [59] .
Based on the foregoing risk to the environment and humans, environmental monitoring and enforcement of public health regulations for waste and manure handling and disposal should be reviewed and enforced where applicable. Clear standards should be developed to define limits for ARG and ARB in raw water and sewage effluents.
Food safety
Numerous studies have been dedicated to the contribution of food safety and animal husbandry to the development of AMR in the past decade. There are studies that cover a range of issues including but not limited to the uncertainties about the use of antibiotics in food animals and the risk posed to human health [62, 63] ; the epidemiological and molecular evidence for the spread of resistance from food animals to man [53, 60, 61, 64] ; and the benefits and risks of antimicrobial use in food-producing animals [65, 66] . Despite the numerous studies focused on these issues, the WHO surveillance report (2014) indicated that there are major gaps associated with the surveillance and sharing of data around resistance in foodborne bacteria and its relationship with animal and human health [4] . The benefits and risks of the use of antibiotics in the food animals remain a complex issue, and present a major challenge, and appear to be a double-edged sword [66] . This section touches briefly on some of the continued challenges for food safety.
While human antimicrobial use accounts for most of the resistance problem in humans, there is increasing concern that the use of antibiotics in food-producing animals, particularly, the long-term use of antibiotics as prophylaxis or for growth promotion, significantly contributes to the emergence of antibiotic-resistant bacteria in animals [4, 62, 67] . The significant risks to human health arise as resistant bacteria may spread from animals to humans via the food chain [4, 54] . They may also transfer their antibiotic resistance genes into human pathogenic bacteria, leading to failure of antibiotic treatment for some, possibly lifethreatening, human conditions. Examples are urinary tract or abdominal infections caused by E. coli that could have been transmitted via the food chain [65] . The use of quinolones and fluoroquinolones in veterinary practise has resulted in a dramatic increase in resistance among Campylobacter strains, resulting from a mutation in the quinolone resistance-determining region of gyrA (Thr-86 to Ile) [62, 68] . Resistance to antimicrobial drugs among foodborne bacteria increases severity of disease and results in poorer outcomes for patients [4] . Some may argue that the danger and risk from the low dosages used for animal growth promotion is relatively small; however, there might be disadvantages to human and to animal health that are yet to be recognised. Bacterial resistance can develop in food animals resulting in the contamination of animal-derived food. The frequency with which resistant bacteria colonize the human gut, and resistance genes are transferred is yet to be determined [54, 62] . While modernized food production has placed emphasis on reducing antibiotic use for agriculture, animal husbandry and fish farming, this is likely to be less controlled in smaller scale traditional production, especially in countries where legislation is lacking and control measures are not enforced [46] .
Additionally, there is also growing concern about transmission to human populations of multi-resistant S. aureus (MRSA) related to high-density swine production [4] . Human cross-infection with zoonotic salmonellosis is common; suggesting that resistant bacteria from animals are often passed to humans. People can also be exposed to resistant bacteria through raw or undercooked vegetables contaminated with soil [43] . In Southeast Asia large amounts of antibiotics are used for human medicine, livestock farming, and aquaculture. For example, there have been reports of cases where antibiotics are reportedly added to ice to prevent the decay of fish for sale in markets. People are then exposed to antibiotics through the consumption of the 'treated' fish [39] . Whilst adequate cooking of contaminated food can effectively destroy many resistant microorganisms, the antibiotic residue in food cannot be destroyed by cooking [39, 47] .
Despite the emerging evidence for the contribution of food animal production and the food chain to the development of AMR, a widespread lack of cooperation and limited implementation of harmonised global standards, has hampered surveillance efforts. Limited access to and data around resistance in foodborne bacteria and its relationship with animal and human health remains a major challenge.
According to the WHO (2014), integrated disease surveillance could be used to further explore the linkages between AMR in food-producing animals and in the food chain [4] . This could include a centralised data repository that allows the collation and sharing of information between sectors. For example, routine AMR monitoring from the veterinary sector could be compared with data on human AMR trends and inform joint interventions. An expert committee could be convened at the national or regional level to discuss the data trends, inform policy development and to make recommendations for the harmonisation of policies across various sectors.
Tackling the problem
The foregoing discussion has highlighted that there are still many gaps in knowledge about the links between AMR and the environment. However, there is sufficient evidence pointing to several environmental risks to human and animal health and the need for coordinated efforts to tackle the problems. The lack of quantitative data has been identified by several sources as a key factor hindering appropriate AMR surveillance efforts. While the assessment of the environmental risks is not straight forward, inter-agency and inter-jurisdictional risk assessments could help to identify risks and management goals with clear indicators of effectiveness, to aid the development of environmental management options [12, 29] . Ashbolt and colleagues (2013) postulated that in addition to traditional risk assessment methods various novel aspects must be considered in the assessment of environmental antibiotic resistance. They suggested that added selective pressure on the environmental resistome that allows for development of antibiotic-resistant bacteria over time, must be considered and accounted for; the extent of horizontal gene transfer (HGT) in the relevant environmental hot spots must be identified and described; and traditional dose-response approaches should be modified to assess the contribution of antibiotic resistance to certain health outcomes and pathways [29] . Risk assessment studies are needed to provide accurate estimates of the level of resistant bacteria in wastewater effluents that would not pose risks for human and environmental health. Wastewater treatment technologies that are capable of producing effluents with an acceptable level of resistant bacteria are also needed [8] . Routine environmental sampling of organic soil and residues in hospital drains can allow for the estimation of the changes in environmental ecosystems in clinical settings, and enhance existing antimicrobial stewardship efforts over time.
Well-resourced laboratories with duly qualified and skilled scientists are needed to evaluate the magnitude of the problem. Inter-country or regional collaboration is encouraged in areas where there is limited technical capacity to detect and manage AMR. This could include sharing of centralised laboratory facilities, research expertise and data. It is also important to build upon existing gains achieved through successfully implemented strategies and measures. To do this, adequate financial and human resources, and infrastructure capabilities are necessary. However, various basic WASH initiatives including water, sanitation and hygiene approaches have proven effective in reducing the burden of infectious diseases. According to the WHO, these initiatives such as hand washing, safe sewage disposal and boiling of drinking water cannot be underestimated and should be revisited and promoted. This includes sharing of best practise approaches and how these can be sustained and built upon, to curtail the emergence and spread of AMR particularly in developing settings [4] . Close partnerships and collaboration should be fostered between policy makers, academia, managers, and interest groups, including collaboration between disciplines within and between sectors. For example, sharing of veterinary ABR data with public health to inform and support shared decision making for food safety.
Conclusion
This discussion has highlighted the fact that there are numerous opportunities for environmental factors to contribute to the growing burden of AMR. The foregoing suggests that the inappropriate use and misuse of antibiotics result in contamination of various aspects of the environment and this can result in the introduction of resistance genes and resistant bacteria into the human food chain and clinical environments. These factors are often interlinked with gene transfer going in both directions, perpetuating the cycle of AMR (Fig. 1) . There is however scope for both innovative and traditional environmental public health approaches, including the provision and enforcement of adequate standards and guidelines, basic food safety, secondary treatment of water and wastewater/waste products, basic sanitation and hygiene practises, to eliminate or reduce the problem. Based on the complex interaction between health, veterinary and water and wastewater sectors, careful assessment of the situation is needed at the community and national level to determine the needs of individual countries. The contributory factors are multifaceted, hence a multi-disciplinary, and intersectoral approach among the various players in the WASH sector is needed.
